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STAGES AND SPATIAL SCALES OF RECRUITMENT LIMITATION IN
SOUTHERN APPALACHLAN  FORESTS
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Abstrua~  Recruitment limitation of tree population dynamics is poorly understood,
because fecundity and dispersal are difficult  to characterize in closed stands. We present
an approach that estimates seed production and dispersal under closed canopies and four
limitations on recruitment: tree density and location, fecundity, seed dispersal, and estab-
lishment. Consistent estimates are obtained for 14 cauopy species using 5 yr of census data
from 100 seed traps and several thousand mapped trees and seedlings from  five southern .  .
Appalachian forest stands that span gradients in elevation and moisture. Fecundity (seed
production per square centimeter of basal area) ranged over four orders of magnitude, tirn

100 cm2  basal area& (CIuya, Conrus,  Nyss4 Quems)  to >lOs cmVyr (Be&&z).  Mean
dispersal distance ranged from C5 m (Cornus,  iVyrsu) to >20 m (Accr, Ben&,  Liriodendton,
Tsugu) and was positively correlated with fecundity. Species also differ in the degree of
seed clumping at fine (1 rn? spatial scales. Dispersal patterns can be classed in two groups
based on dispersal vector: wind-dispersed taxa  with high fecundities, long-distance dis-
persal, and low clumping vs. animal-dispersal taxa  with low fecundities, short-distance
dispersal, and a high degree of clumping. “Colonization” limitations caused by sixes and
locations of parent trees, fecundity, and dispersal were quanti6ed  as the fraction of sites
receiving seed relative to that expected under nuJl models that assume dispersal is nonlocal
(i.e., long-distance) and not clumped (i.e., Poisson). Difference among species in coloni-
zation levels ranged from those capable of saturating the forest floor with seed in most
stands (Acer,  Bezulu,  Li*iodendron)  to ones that leave much of the forest floor without
seed, despite presence of adults (Cay4  Cornus,  Nyss4  Oxydend~)). Seedling establish-
ment is one of the strongest filters on recruitment in our study area. Taken together, our
results indicate (1) that fecundity  and dispersal can be resolved, even under a closed canopy.
and (2) that recruitment of.  many species is limited by the density and location of source,
dispersal patterns, or both,

Key words: dispemak  t?staMbhmcnr;  fecundity; forest dynamics; negative binomial: recruitnunt:
seed rein;  sot&em  Appalachians.

’ ~TROIXJCTION

Field studies and simulation models of forest dy-
namics have long assumed that seed is ubiquitous (re-
viewed by Clark 1993, Pacala and Hurtt  1993, Ribbens
et al. 1994, Clark and Ji 1995, Schupp and Fuentes
1995) and, thus? that tree population growth rates are
limited at otherlife history stages. The assumption that
seed is always available allows one to overlook seed
production and dispersal and focus instead on micro-
sites for seedling establishment, resource limitations
on growth, and factors causing mortality. Seed rain
tends to be ignored, because it is difficult both to quan-
tify seed production in closed canopies, where seed
shadows from individual crowns overlap (willson
1993), and to track dispersal by wind (Augspurger
1986, Matlack  1987, Johnson 1988) and animals (Smith
and Folbner 1972, Darley-Hill and Johnson 1981,
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Schupp 1993, .Ribbens et al. 1994). Moreovu;  mech-
anistic models are hard to apply iu forest understories,
because variable winds, seed release heights, and mi-
crotopographic relief are difficult to characterize (e.g.,
Greene and Johnson 1989).

Growing realization that seed may often be in short
supply has led to increased interest in understanding
life history stages where recruitment limitation can oc-
cur, including seed arrival at the grouud,  seed preda-
tion, germination, and early seedling survival (Har-
combe 1987, Schupp et al. 1989, Naka&i&a  et al.
1995). Seed arrival depends on: (A) density and dis-
persion of adults, (R) adult fecundities, and (C) dis-
persal distances of seed. These three constraints on seed
arrival are here termed:  (A) source-density, (B) source-
strength, and CC) dispersal limitations,  respectively
(Fig. I).  A fourth limitation on recruitmeut  we examine
here, (D) establishment limitation, depends on seed sur-
vival and germination and seedling survival. We refer
to “establishment” as the time from seed arrival at the
soil surface (estimated by seed traps) to the time seed-
lings are censused during the tist year of growth. Each

213



2 1 4 JAMIJSSCLARKETAL. Ecological Monographs
VoL 68. No. 2

A. Source density
and dispersion

I

‘I 4

Seed den&y
and dispersion

I

&&

Total seedproduclion
per a&t

Fmction  of seeds that
bacoma  aeaomga

FIG.  1. The four limitations on recruitment analyzed here  (labeled A-D) that Ii&  adults  to seedlings.

stage may depend on processes operative at several and N&a&x&a  1995). Any spatial bias imposed by
spatial scales (Schupp 1993, Nakashixuka  et al. 1995). post-dispersal processing of seed (e.g., secondary dis-
At the broadest scale, the distribution of a species along persal  by wind (Math&  1989) or animals  (Abbott and
gcograpbic  or enviromncntal  gradients  sets limits on Quink  1970, Schupp 1988, Willson  and Whelan 1990,
the presence of reproductive individuals (A source Whelan et al. 1991, Wtin 1993) alters the relation-
density). Fine spatial scales describe local densities and ship between seed arrival and seedlings.  Moreover, dis-
crown areas of seed-bearing trees (A, source density) tributions  and abundances of seedlings do not neces-
and dispersal distances (C), which, in turn, determine sarily  give much insight into  seed production (fecun-
identities of neighboring plants and interaction inten-, dity) (Wiion 1993). Because of these problems pa-
sitics. Seedling establishment (D) depends on physical rameterixing -seed production and dispersal, we are
(e.g., light, water, and nutrients)and  biotic (e.g., litter aware of no studies showing how recruitment limita-
depth, seed and seedling predators, pathogens, and tions  compare among species that co-occur in closed
competitors) factors that vary at several spatial scales, stands.
both “within” and “among” stands (Godman and A way forward is available &rough  models that as-
Mattson 1976, Beatty 1984, Streng et al. 1989, Peterson aociate offspring with the spatial pattern and sixes of
and Pickett  1990, Alvarez-Buylla and Garda-Barrios potential parents. Ribbens et al. (1994) used the rela-
1991, Houle 1992u). tionship  between seedlings and conspeci6c  trees to es-

Unfoitunately,  appreciation that recruitment limita- timate  seedling production and dispersal. Their model
tion can occur does not remove the obstacle that caused predicts seedling density as the summed contribution
many to ignore it in the first place: lack of charactcr- of seedlings from  all trees on a sample plot. The ap-
ization  methods. Most efforts to quantify seed produc- preach is a sign&ant  advance over simple seedling
tion and dispersal are highly indirect. Seed arrival at counts, because it estimates fecundity and dispersal
the forest floor is sometimes estimated from seedling distance (of seedlings, rather than seeds) based on the
distributions, a method requiring establishment suc- summed contributions of potential parent trees. A next
cess,  i.e., tbat seeds become seedlings. Does absence step is the analysis of seed rain to estimate factors
of seedlings mean seeds did not arrive or that seeds affecting seed arrival (limitations A, B, and C) vs. es-
arrived, but did not germmate? If microrelief or biotic tablishment  (D).
interactions infiuence  gemnnation  success (Godman Our objectives are (1) to develop a model to estimate
and Mattson 1976, Beatty 1984), there may be little seed production and dispersal under closed forest can-
(or even a negative) relationship between seed rain and opies, (2) to introduce methods for evaluation of the
seedlings (Augspurgcr  1986, Augspurger and Pranson approach, and (3) to determine contributions of seed
1988, Houle 199% N&a&ix&a et al. 1995, Shibata arrival vs. seedling establishment to de distributions
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TABLE  1. Stand characteristics and basal areas (mYha).

Elevation (m)
setting . ’
Acer
t P&q&anic-

A. saccha7um
A. spicaaum

Amelanchier arborea
Bet&a

Stand 1 Stand 2 Stand 3 Stand 4 Stand 5

7 8 6
xeric ridge

1.96
0 .01
1.86
0.00

it:
0:03

8 0 2 8 6 6 1085 1387
m&c cove Slope

4 .83
slope dope

4.69 6 .58 3.86
0.07. 0.02 1.13 1.15
4.50 5.71 5.45 0 .31
0.26 0.00 0.00 2 .37
0.00 0.00 0 .00 0.06
0.03 0 .02 0 .18
2 .55 0 .02 12.76

B .  aUeghaniensis 0 .00 0.09
B.  lenta 0.03 2 .46
Z-J66
coinusj?orida
Fagus  gra@folia
Fraxinusamericana
Ha?namel&  virginiana. .V  tulipifcrc
Magnolia

M.  acuminata
M.  fraseri

Nyssa  sylvalica
OxydmdMn  arboreum
Fbws  rixida
QWrcuS

Q. rJba
Q. coccinea
Q. manZandica
Q.  prtu*9
Q. rubra
a. velutbla
a.  sp.

Robinia  pseudo-acacia
sass& albidum
Tilia  amenkana
Tsuga  ccm4dcIuis

1.33
0.10
0.17
0.01
0.00
0.03
0 .03
0 .13
0 .01
0 .12
0 .69
I.62
6.35
8 .65
0 .83
3 .56
0 .40
274
0.10
1.01

3 .55
0.00
0.61
0.00

~~
9:97
0.02
0.00
0.02
0 .33
0 .15
0 .00
6.92

8-i
0:oo
3.35
1.65
1.92

0.11
0 .59
3 .86

82

z-iii
0:oo  .
0 .71

Ei

!?zt
3:13

1E

8::

1:ii
2:70

:z
0:51
0.09
0.00
0.04

X-E
1:35
0.31
0 .16
0 .00

i-iii
0:03
0.40
0-M
0.38
2.03
2 .88
0 .00

15.40

ki!
0.00
9.83
4 .12
0 .00
0.51
0 .32
0 .00

8 .25
4.52

:zi
0:02

..‘.  0.59
1.80
0 . 2 1
0.00

t-ii
0:oo

i?z
0:oo
8.71
0 .37
0.00

X:it
8.33
0.00

8::

:z
0:oo

Nore: Rounding results in discrepancies for some totals.

of first-year seedlings in five of the principal stand are located to sample these gradients (Table 1). Mesic
types of southern Appalachian forests. We use spatial sites include Cove hardwoods at mid elevation (stand
distributions of mature trees, seed arrival, and seedling 2) and Northern hardwoods at high elevation (stand
establishment to quantify recruitment limitations at two S)(Table 1). A Pi&oak  ridge (stand I) is the most xeric
scales. Model results produce a simple “colonixation stand. Intermediate in elevation and moisture status are
index”  the average fraction of l-m2 plots of soil sur-
face expected to receive some seed in any given year

oak-dominated stands (3 and 4). Species restricted to

We use the relatkship between seed rain and seedling
high elevation and/or high moisture stands include Acer
pensyhnicum,  A. saccharum,  Be&la  alleghaniensis,

distributions as the basis for identifying arrival vs. es- Fraxinus  americana,  and Tsuga canadensis. Cove
tablishment limitations on recruitment at the stand and
at the square-meter scales. Because we expected the

hardwoods additionally include Giodendron  tulipi-
fera Oak stands (3 and 4) are centers of abundance for

relative contributions of seed arrival vs. establishment
limitation to vary among species and across environ-

Acer rubrum,  Nyssa sylvatica, Quercus  prims, and Q.

mental gradients, we analyzed 14 species across five
n&a Xeric. stand 1 is dominated by Pinus  rigida, Q.
a&z, Q.  coccinea,  Q. marilandica,  Q. velutirw  and

stands that span gradients in elevation and moisture. sass*as  albidum.

TlmsTuDYAREA hfJ3THODS

The study area consists of five stands along an el- Data collection was designed to characterize  recruit-
evation gradient at Coweeta Hydrologic Laboratory in
the southern Appalachians (3~5~03’ N, 83”27’ W). The

ment limitations at four stages (Fig. 1) and two spatial

watershed is characterized by high and topographically
scales. Our nested sampling design allowed modeling

variable precipitation (177-222 cm&).  The two prin-
of seed production and dispersal at the local (within-

cipal vegetation gradients are those discussed by Whit-
stand) scale and comparisons of average seed rain
among stands. Within-stand sampling allowed us to

taker (1956),  elevation and moisture. Our five stands estimate fecundity and dispersal of seed by modeling
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spatial pattern in seed rain relative to locations and
sixes of adult trees. Stand differences in parent tree
abundance, seed rain, and seedling establishment dem-
onstrated how recruitment limitation varied with can-
opy composition across the principal environmental
gradients. The 8rst limitation, (A) source abundance
(Fig. l), was assessed from basal areas. Source strength
(B) was estimated (1) at the local scale, from modeled
seed rain within stands, and (2) as a stand average,
from average seed rain and basal aress. Regressions
between stand basal area and seed rain determined
whether differences in seed rain among stands (i.e.,
across enviromnental gradients) were explained by av-
erage basal area of adults. Limitations due to source
density and distribution (A), source strength (B), and
seed dispersal (C) were collectively estimated from the
fraction of ground surface expected to receive some
seed in a given year, based on modeled seed rain within
stands. Establishment limitation (D) was assessed at
both scales. Comparisons of seedling distributions
within stands with predicted seed rain permitted esti-
mation of establishment success at fine spatial scales.
Differenqes in stand averages of seed rain vs. seedling
establishment were used to identify how establishment
success varied across vegetation types.,Together  these
results were used to interpret how different species may
be limited at different stages by factors operating at
local scales (dispersion of adult trees, dispersal of seed,
and microrelief) and at broader scales (gradients in
elevation and moisture).

Tree, seed and seedling data
From each of five stands we (1) mapped all trees

greateq than 1 m tall on 60 X  60 m (0.36 ha) plots, (2)
collected seed in twenty 0.42 X  0.42 m seed traps, and
(3) took a census of seedlings along a 1 X 60 m belt
tmmect.  Trees were identified, located using a Topcon
electronic Total Station, and diameters measured at a
height of 1.3 m.

Twenty seed traps were established within each of
the five stat&~  at 5-m intervals along two transects
spaced 20 m apart We tested several seed trap designs.
The design used consists of a plastic basket &ame sup-
ported 1.5.  m above the ground by PVC pipes. The
basket has drain holes, but seeds falling in the trap
rem&i elevated above the bottom of the basket by 1
mm mosquito netting. Elevation of the trap above the
grouud  and a layer of wire mesh covering the trap.  .  . A removal of Querczu  and Carya  seed by
squirrels and other vertebrate seed predators. Concerns
that the wire mesh might cause some seeds to bounce
out of traps led us to conduct efficiency trials. We re-
leased seeds from sufficient heights to insure terminal
velocities were reached at the trap opening and re-
corded numbers of successful trap entries. Trap effi-
ciencies were generally high; clear differences among
taxa could be attributed to size and tendency to.bounce.
Small Bert&z  seeds never bounced off the covering

vol. 68.-N& 2

mesh. Lowest efficiencies were for Carya (0.86 2  0.05)
and Quercus  (0.88 -C  0.03). but even these taxa  entered
traps with high probability. Intermediate were ~irio-
dendron  (0.98 2 0.02),  Pinus  (0.95 + 0.04). and Acer
(0.94 2  0.04).

Traps were deployed in the field September 1991 and
emptied at 2-4 mo intervals tbrough July 1996. Be-
cause few species releasedseed during summer months,
ammal averages are based on seed collections between
July of each year All debris in traps was removed at
collection dates and sorted with the aid of sieves. Seeds
were identified  to the lowest taxonomic unit possible
(Table 2). All seeds collected over the course of the
study are archived according to trap and collection date
at the Duke University Phytotron.

Seedling transects were established within each of
the five stands in June 1992 along the lower portion of
sample stands, with location differing somewhat among
stands to avoid sreas disturbed by foot traffic. Annual
censuses of newly emerged seedlings were completed
in July of 1992,1993,1994,1995.  and 1996 to match
the period for seed rain collection. Newly emerged
seedlings were readily distinquished  from older seed-
lings for all species that occurred within our stands.

Seed dispersal  vectors  mid  taxonornic  re so lu t ion

Not all seeds and seedlings could be resolved to spe-
cies in our study. To permit comparisons among seeds,
seedlings, and trees, we used the lowest common tax-
onomic group for analysis .(Table  2). For example, all
Acer seed is treated as a single taxon. Although many
could be confidently identified to species, others (par-
ticularly damaged see&) could not. Because Acer sac-
churum  trees are abundant only in stand 5.  and Acer
pensyZvunicum shrubs are short and not close to traps,
most seeds on the remaining four plots were probably
Acer rubram Acorns were separated as “red” vs.
“white,” and several were identified to species. How-
even because mauy could not be separated, and because
acorns were few, we lumped all Quercus.  Carya nuts
could not be confidently identiged  to species, but trees
within our stands were principally Caryu  g&bra  For
remaining taxa, either seed could be identified to spe-
cies or only a single species representative of the taxon
occutred  in the study area. Genders of dioecious spe-
cies Njssa sylvutica  and, sometimes, Fmxinus  ameri-
ccmu,  were not determined, so all individuals were in-
eluded in the analysis. We did identify seed bearing
individuals of Acer  n&m,  so only those individuals
were used to estimate fecundity and dispersal. The min-
ute seeds of Oxydendnun  arboreum  were not recovered
in our traps, but we did quantify the dehiscent capsules.

Seeds analyzed in&de  species principally dispersed
by wind and animals (Table 2). Our elevated traps char-
acterize primarily  wind dispersal; seeds “scatter-
hoarded” by birds and mammals or dispersed second-
nrily  by wind (e.g., Ben&, Matlack 1989, Houle and
Payette 1990) are not expected to enter traps.

I
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TA B L E  2 . Resolution of taxa  analyzed in this study and their probable dispersal vectors.

Taxoll’ Seed
lst-yr

SeedliES
Dispersal

vector
Acer

B e t u l a

Coryc
comus
FlWblUS
Lkiodhndron
Nyssa

w
Ql&?lCUS

Robinia
mia
Tsuga

A .  pens&n&urn
dlubrum
A. saccharam
ILspicotum
A. arborea
B. a&&at&&
B. lenta
C. glabra
c. jlmioi3
F.americana
L tulipfern
N. tylvatica
0. arbomon
P. rigida
Q. a&a
Q .  coccbwa
g pyF

g izEila
R. pseudo-acacia
T.americana
T.CMadmris

2 P&WV&a-m

A. saccharum
Acer sp.
Amtlanchitr  sp.
Betula sp.

Cww sp.
c. poridh
Fraxinus  sp.
L tulipvera
N. sylvatica
0. arbortum  capsules
Pbnis  sp.
Q. rubna
Q .  velutbm
RedOak
whiteoak

F&F
i canodtnsis

A .  pensylva?licum
A.nlbrum
A. saccham?n
Acer sp.
A. arborea
Betula  sp.

none
c. @i&l
none
L tulipifera
none
ll0*
llOlW

Q.  P*
Q .  n&a
Q .  velutina
Redoak

ItOllIZ
llOllt3
llone

wind

birds
wind

birds
wiud
p&9&
wind

iYl%mls

wind
wind
wind

Seed production tstimatin  at the stand scale

Fecundity psrameters (j3) were estimated at two spa-
tial scales. An estimate of $ among stands is obtained
as the slope of the regression of seed ram against basal
StlN:

sjt = e& (la)
where gk is the basal area of the &th stand, and sfi  is
seedarrivalatthejthseedtrapinthekthstand.To
evaluate constancy of fecund@  among stands we also
estimated p for each stand separately as the ratio of
average seed rain and stand basal areaz

& = 2.
t

The following section (Sttd production and dispersal
mod&g)  dcscrijxs  a third estimate of 8 based on spa-
tial patterns of’trees sad seed rain within stands.

Seed production and dispersal modeling
Our summed seed shadow (SSS) model predicts seed

arrival at a location as the summed contribution of seed
dispersed from  all conspeciGc trees in the sample area.
The method assumes that each tree’s contribution to
seed rsin  at a location depends on its size (basal srea)
and distance. Functious  describing how seed rain de-
pends on fecundity, tree basal area, and distance are
parameterized  from an array of seed input data (e.g.,
seed traps) and a map of tree locations and sizes (basal
areas). The model allows estimation of the seed con-
tributions of individual trees. Our SSS model shares
some attributes of that used by Ribbens  et al. (1994)
to estimate seedling distributions and by Kuuluvainen
et al. (1993) to model spatial effects of adult trees.

Clumped distribution ofseed-Distributions  of seed
arrivals in our stands were “clumpeb” having higher
variance than a Poisson process. This clumped distri-
bution  was described by a negative binomial distti-
bution,  generally appropriate for mixtures of random
sources (e.g., Johnson and Katz 1969). Consider m seed
trsps  located at various distances from a seed source
(a tree). Our likelihood function is based on negative
binomial seed arrival:

us 1 p.  Q)

(2),
where I’(-)  is the  gamma function, sj is the observed
rattofseedarrivaltoagivenseedtrapj,Sisthedata
set containing m seed  traps (the collection of q’s), J((b,
x; p) is the “expected” seed abundance at trapj,  and
8 is a dimensionless “chuuping  parameter.” The ex-
pectedseedarrivalataapjisafnnction~((b,ni;p)that
depends on distance x,  from a seed source and the sine
(basal area) b of that source, with fitted parameters p
(see Fining tht mod4 below). The degree:  of clumping
is determined by the data (0 is a fitted parameter). Val-
ues of 8 < 1 imply highly contagious distributions
(overdispersed), whereas large values (0 B 1) tend to
a Poisson process.

Tht untvtn  distribution of seed sources.-Now con-
sider a stand of many trees, each producing seeds with
a source strength that depends on basal area and dis-
persing seed some distance. The expectation of the neg-
ative binomial distribution at a given location depends
on the sizes and distances to all trees in the stand. Here
we derive this expectation as the sum of seed shadows
of individual trees. Tree i’s contribution to total seed
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arrival at locationj  is the product of its source strength
Q(bJ, a function of its basal area b,:

Q(M  = Pi (3)
with fitted parameter 8 (seeds per basal area), and (a
density function  of) seeds dispersed to a trap located
xu meters away,@&  The proportion of a tree’s Q(bi)
seeds arriving on the area subtended by a trap of di-
ameter & and arc angle dq is

We fitted dispersal functionsflz,  (p)  of varying forms
and numbers of parameters, including ones that allow
for the “skip” distance that can be associated with
dispersion from an elevated sonrce (Sutton 1953, Oku-
bo and Levin 1989, Andersen 1991), ones with varying
degrees of kurtosis, and mixed models. Models with a
skip distance did not fit the data, because crowns are
too broad to be regarded as point sources (a boundary
condition assumed in most solutions of Gaussian plume
models having an elevated source [Okubo and Levitt
19891); seeds are broadly dispersed under individual
crowns and then fall off with distance. Models with
large hurtosis  did not fit our data, yielding unstable
fecundity estimates. We were unable to obtain conver-
gence of mixed models that had some proportion of
seed allocated to a widely dispersed tail due to param-
eter redundaucy.

The density used is isotropic, i.e., there is no direc-
tional bias in the dissemination of seed. It has a mode
at the source and adjustable kurtosis:

where a is a dispersion parameter in metres, c is a
dimensionless shape parameter, and N is a normalixa-
tion constant obtained  by integrating arc-wise and with
d i s t a n c e :

The proper form of N is required to obtain uubiased
parameter estimates (see Fitting the model, below). The
mth moment of this density is

giving mean dispersal distance

(4)

and kurtosis that depends only on the shape parameter

This flexible density includes some familiars ones as
special cases. Exponential densities have c = 1 (John-
son 1988, Willson  1993). Our model is Gaussian, hav-
ing c = 2. Kurtosis  of this arc-wise Gaussian density
(i.e.,. two) is lower than that of a onedimensional
Gaussian density (Jrurtosis = 3). Bibbens et al. (1994)
used a third special case with c = 3 and a lower kur-
tosis. Our density then is

f(xr:c=2)=&xp- 2’
IO1

Q

with mean displacement from Eq. 4:
T ”

PI = y = 0.886a.

Arc-wise integration gives the fraction of seed that
travels distance x in all directions, which yields the
Weibull density:

F&i  c = 2) = $  wrp  - i  2
lo1

.

The product of source strength (Eq. 3) and density of
seed arrivals (Eq. 5) is termed the “seed shadow” of
atreei:

Note that for global dispersal the average seed arrival
reduces to Eq. lb.

Fitting the model-Assume  each tree i disperses
seedtotrapj.Seed~valattrapjisthecumulative
contribution of n conspecific  sample trees, each tree
having source strength and seed shadow described by
Eqs. 3 and 5, respectively:

where p is a vector of fitted parameters [a, 81 that
maximize the likelihood given in Eq. 2,  b is a length-
nvectoroftreebasatareasb,andxisthenXmmatrix
of distances between trees and traps +,.  We simulta-
neously fit 8;  the degree of clumping in the data is
estimated together with the seed shadows, fl(bb xu;  p),
around individual trees. Bias corrected and accelerated
(BCJconfidence  intervals for a, B, and 8 were obtained
by 1000 bootstrapped maximum likelihood (ML) es-
timates (Efron and Tibshirani 1993). The BC,, interval
differs from the standard percentiles in two ways. First,
it corrects for the median bias (the difference between
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median and mean) in the parameter estimate obtained
from the set of bootstrap estimates. Second, it corrects
for the fact that the standard error of the estimate can
depend on the parameter value. This correction is ac-
complished through an acceleration quantity that es-
timates the rate of change in the standard error relative
to the true parameter value. We compared BC,, confi-
dence intervals with  those obtained from  standard per-
centiles and from a minimum volume ellipse for all
parameter estimates. Although BC,,  endpoints are more
accnrate than those obtained by other methods (Efron
and Tibshirani 1993). we found differences to be small
at the 95% level, the level reported here.

Parameter correlations were determined from the
bootstrapped data set, and scatter plots of parameter
estimates were examiued.  Negative correlations in a
and p estimates obtained from a simplitkd version of

the model demonstrated need for a proper normal&m-
tion constant. The normalization  constant assures that
negative correlation between parameters does not dom-
inate the fit, an instability we observed for an unnor-
malixed version of the model that permits a large source
strength parameter B to offset a small dispersion pa-
rametex a. The normalized model fitted here, however,
can have the opposite tendency. Positive correlation
occurs when large dispersion flattens the curve and can
be compensated by large source strength. We obtained
positive correlations only in a few cases where fits were
Pool

Parameter estimation and evaluation was accom-
plished for each species in four steps: (1) estimation
of the best (ML) dispersal pammeter value a incor-
porating information obtained from all five stands; (2)
assessment of consistency of dispersal parameters from
stand to stand, (3) comparison of model performance
against a null model of nonlocal dispersal, and (4) ex-
amination of potential for bias in parameter estimates
resulting from finite area of mapped stands. One ob-
vious source of variance in dispersal among stands is
that associated with different arrangements of trees rel-
ative to seed traps. Because there are no conventional
hypothesis tests for such models, we developed several.
Our fust two steps involve a hypothesis test that dis-
persal parameters differ among stands. We compute
two likelihood? of the data. The first likelihood pro-
vides parameter estimates that incorporate information
from all q (~3)  stands having sufficient trees to obtain
a fit, yielding the ML of the data for the model with a
species-specik  a parameter:

US&P,+,, 0) = qr USJP, 0) (?I

where the parameter set for stand k is pr = [a, p J,  and
Pqcl  = la, B1, . . . , @,I  includes separate fecundity es-
timates for each stand and a single dispersal parameter
a that best predicts seed ram across all stands. The
number of stands q included in the likelihood function

varied with species, because trees of all species did not
occur on all plots. In some cases trees did occur, but
numbers were too low to obtain fits. The q + 1 degrees
of Mom for this model are the q + 1 parameters in
pq+l,  plus one for the clumping parameter 6,  minus one.
By simnltaneously  taking advantage of data from  all
avaliable stands, this model provides the best estimate
of dispersal distance.

Step 2 requires a ML for the model in which each
stand has a separate a,  in order to test whether stand-
specik  dispersal parameters substantklly improve the
likelihood of the data, so much so that we conclude
that dispeml distance may differ among stands. This
likelihoodhasparametersetp,,=[a,  ,..., a*p ,,...,
S,]  with 2q degrees of freedom. The.likelihdod ratio
statistic, or deviance

is asymptotically distributed as x2 with q - 1 degrees
of freedom, the difference in degrees of freedom (num-
ber of parameters) of the individual models. Large de-
viance means that dispersal distance differs across
Stands.

For step 3, we viewed an appropriate mtll model for
testing our results to be one where seed arrival is in-
dependent of tree locations, i.e., ‘nonlocal dispersal.
This mdl model is analogous to the conventional re-
gression null model of a slope parameter equal to zero,
i.e., no relation between variables. Our likelihood ratio
test compares the likelihood obtained with q + 2 ML
parameter estimates with the likelihood under the (null)
hypothesis that all traps receive, on average, the mean
seed rain. The null model has fixed expectation Sk in
Bq. 2 and a single fitted parameter 0. The deviance for
this modeh

has q degrees of freedom, q + 1 parameters from the
ML mode&  minus one parameter for the null modeL
To safeguard against the event that D was not distrib-
uted as  xs we also conducted permutation  tests that
involved generating a distribution of deviances from
permided data sets, where S, in Eq. 9 was replaced
with S, the kth random permutation of the data. The
probability of D calculated from the original data was
determined from this distribution of D,‘s.

The fourth step of model evaluation was a test for
bias in parameter estimates that might arise from  tinite
size of mapped stands. Contributions of seed from trees
out@de the mapped plot might bias fecundity estimates
upward  because the model implicitly assumes that all
seeds derive from trees in the plot. Dispersal param-
eters might also be sensitive to plot sixes. We fitted the
model beginning at a minimal map area that included
the central 20 X 40 m to progressively larger map areas
out to the full 60 X 60 m.
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There is no simple estimate of the variance explained
by the model, but we provide a rough index. The Pear-
son correlation coefkient  between model and data has
been used for such comparisons, but it characterixes
the level of agreement to a best-fitting linear regression
to the model. Thus, high correlations can result even
when model predictions are biased (i.e., good fit to a
linear model of slope # 1). We used instead the cor-
relation describing the level of agreement between
model and data, i.e., the scatter about the line of slope
= 1:

‘T “T oj& - .e,<x,  b; Iw
rz=l- “‘q&&ompr (10)

3 3 bj& - a2

where sp is the observed seed rain at trap j in stand &,
and 3,  is the mean seed rain for stand t When data are
highly skewed (i.e., 0 < l), and the fit weak, this index
has the limitation that it can be negative (i.e., the mean
better accounts for seed rain than &es the model). It
is a conservative index of variance in the data explained
by the model.

Seed l imi ta t ion index

Seed limitation at the local scale (1 mz)  was esti-
mated as the probability that no seed would arrive  in
a given l-m2 patch. The l-m2 scale was chosen for this
index, because microsites typically analyxed for re-
cruitment success are of this order  We considered two
sources of limitation: (1) source limitation, the in&
ence of source density, disttibution,  and fecundity: and
(2) dispersal limitation, the infiuence  of the local and
clumped nature of seed dispersal. We estimated these
limitations from probabilities  calculated using the an-
nual predicted seed rain density at each 1 m2 in the
central 20 x 40 m rectangle of each stand using the
tree census maps and parameterized  seed dispersal
models.

Our index of source limitation consists of a com-
parison of seed arrival predicted from the fitted model
with that expected if seed rain was not intluenced  by
limited ‘dispersal. Assuming uniform distribution of
seed and independent (unchrmped)  arrivals, the prob-
ability of any l-m2 patch j receiving at least some seed
inagivenyearis

C(3)  = Pr{J; > O~Poisson@)} = 1 - e-* (11)

where
. m

- -S - ;z s;

is the average seed rain density, and J; is the expected
seed rain to patch j from Eq. 6. Low values of C(Z)
occur if the total production of seed is low (i.e., in-
adequate source density, fecundity, or both), yielding

Limited dispersal and clumping of seed reduce the
actual colonization rate below that which would occur
if dispersal were global, as estimated by CO. Our es-
timate of dispersal limitation makes use of the prob-
ability that any given l-m2 patch j receives some seed
given the best estimates of local dispersal and clump-
ing:

C(3,) = Pr{J; > 0 I Negative Binomial@,, a)}

- 6= l- 8_( 13j+e -

The average of these estimates across the m = 800
central l-m2 patches in each sample stand is the col-
onixation  index:

c = d 8 C(.ej>
the expected fraction of patches (at the l-m2 scale)
receiving some seed in a given year The contribution
of dispersal limitation to the colonization  index is es-
timated as the relative difference between the coloni-
zation index that includes only source limitations, c(s),
and the coloni@on  index that incorporates dispersal
and clumping C

cD@ersalhmiUion=l-~. (14)

Predic ted seed rain and observed seedl ings

“Establishment limitation,” the stage between seed
dispersal and establishment as a 1st~yr  seedling (Pig.
l), was assessed by comparing lst-yr seedlings with
seed rain at stand and local (1-mz)  scales. The fraction
of seed that produces lst-yr seedlings was estimated
at the stand scale by comparing average ammal seed
rain estimated from the 20 traps with average density
of lst-yr seedlings from the belt transects over 5 yr,

Estab-fraction

To test for establishment limitation at the l-m2 scale,
we compared predicted seed rain to observed lst-yr
seedling density along the belt transects. Parameterized
models were used together with the mapped tree dis-
tributions to predict seed rain densities at each l-m2
quadrat  of the belt transects iu each stand. The spatial
scale of coherence between predicted seed rain and
annual average 1st~yr  seedling densities was assessed
by cross-correlation. Significance levels included cor-
rection for the autocorrelation within each series by
adjusting degrees of freedom according to CXfford et

(12)  al. (1989).Source limitation = 1 - C(y).
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F IG.  2 . Three estimates of the fecundity parameter 8: (1) “within stands,” the value fitted by the Summed Seed Shadow
model, incorporating locations of seed tract  relative to individual trees (solid bars); (2) the “stand average,” obtained by
dividing average seed rain of 20 traps by stand basal area (unshaded bars) (Eq.  lb); and (3) “among stands,” obtained by
regressing seed rain against @asal  area across all five stands (hatched bars) (Eq.  la). The lower right panel indicates that the
different  methods show close agreement. For taxa  showing poorest agreement, the Summed Seed Shadow model fits appear
to be overestimates. Standard errors are bootstrapped (SSS parameter estimates) or from regression.

RESULTS Quercus  prims,  Q.  n&a),  whereas others were con-
Density of sources tied to speciiic  stand types (Acer saccharum,  Betula

The most fundamental limitation on recruitment is alkghaniensis, B. knte  Fraxinus,  Lirioden&on,  Pi-
absence of parent trees. Some taxa were abundant nus, TiZiu,  Table 1). Several taxa  were present in most
across most or all sites (e.g., Acer rubrum,  Cmyu, stands, but were nowhere abundant (Cornus,  Nyssn,
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TABLE 3. Summed seed shadow  model parameter estimates, goodness-of-fit, and  hypothesis tests.

Tsxon
Stand Distance

9t a + 1 SE (m)
Fecundity~

& 2 1 SE  (cm”yr-I).
Explained
mrianceg

Acer 4(1,2,3,4)

Amehznchier 2 (1.5)

Be&a 3 (23.4)

Carya 3 (1.23)

conllls 3 (L2.3)

Fraxinus
Lkiodendron

Nyssa

PinUS
Quercus

Robinia
Tilia

Tsuga

l(5)
3 (23.4)

3 (193.4)

2 (1.3)

l(1)
4(1,2,45)

l(l)
2 (2.5)

2 (1.4)

25.2 -c 2.39

16.9 + 185

37.1 + 2.87

JO.8 f 2.06

3.65 + 1.52

19.3 + 5.84
33.9 2 2.56

6.02 + 4.48

9.23 2 2.86

15.1 f 3.27
11.8 + 1.32

14.8 + 1.33
13.0 -c 2.95

19.7 + 5.04

0, = 69.2 2 6.82. .
= 37.7 2 4.00

23.4 -c 2.58(c)
f = 32.2 + 2.84(c)

, = 0.231 It 450
Bs = 4.44 * 522

= 0.296 2 0.179
1 .02 -c 0.267

B3 = 0.975 -c 0.484

10.6 2 224(c)

10.8 c 1.95

0.165 ” 3500

5.83 -c 1.22

0.670 2 1.16

0.447 2 1.15

0.632 + 0.757
5.76 -c 1.21

0.528 2 1.12

0.472 z!z 0.254

2.01 2 88.1
1.30 It 0.282

65.6 2 20.6
0.485 2 0.374

>lOO

0.714***

0.125

O-681***

0.529***

o-566***

0.379**
0.707***

0.554+**

0.593*+*

0.364*+
0.270***

0
0.114

0.523*+*

Note: Maximum  likelihood estimntes  for parameters a and  B include bootstrapped stundnrd  errors. BC, contidence  intervuls
are included in Fig. 4. Likeliiood-ratio statistics (0) and associated rZ  values include probability estimstes  for null  models
described in text.

*P  s 0.05. ** P 5 0.01, ***p  s 0.001.
t The number of stnnds  having sufliciettt  seeds and  trees to obtain fits followed by the list  of stsnds  in parentheses.
$ Estimates with the designation (c) indicate cotrelntions  between a and  B, exceed 0.60, where k is stand  designation.
8 The 1-2 for agreement between dam  und  model (Eq.  10).
1 Devisnce  for the hypothesis test that seed dispersitl  is nonlocal  <Es. 9) with df  = q. Brobabiities  sre  from permutation

tests, but x2 probabilities did not differ at the leveht  in footnotes *, **.  or ***.
1 Deviance for the hypothesis test that  dispersion parameters or,  nre  the same across stands (Es.  8) with df  = q - 1. Blank

cells are for q = 1 and,  thus, no degrees of freedom.

Rob&z). JJnlcss  seed production and dispersal are
great,  recruitment limitation is likely for many taxa
simply on the basis of parent tree abundance.

Seed rain at the srcurd  scale
Spatial variabihty  in seed ram affected our ability to

estimate fecundity differences among stands. Regres-
sions of seed rain against basal areas of the five stands
(Eq. la) provide R (seeds per basal area) estimates
based on varying abundances across the landscape
(“among stands” in Fig. 2). Significant p values were
obtained for Acer,  Bet&a,  Carp,  Cornus, Fmxinus,
Liriodendron, Nyssa, Oxy&ndrunz, Pinus, Quercus,
TiZiu,  and Tsugu (Fig. 2). Best fits (3 > OS) were
obtained for taxa having adults distributed rather even-
ly across plots,~intermediate  to large dispersal distanc-

es, and low levels of CluIllping,  including Acer,  Bet&
Liriodendron, and Tsuga  These factors insure that
seeds arc  evenly spread at the stand scale and, thus,
reflect average tree abundance. Seed rain of taxa with
low dispersal distances, clumped d+ibutions, or high-
ly uneven distributions of adults, including Amelan-
chier,  Carya, Comus, Nyssa, Oxydendnun, Quercus,
Robin&z,  and jl’ilia, was not well-predicted from basal
area at the stand scale (73  values ~0.25).  Intermediate
levels of explained variance were obtained for Fruxinw
and Pinus, both of which were abundant in single
stands and had intermediate dispersal distances.

Fecundity parameters B estimated from within in-
dividual plots varied among stands for some taxa (Fig.
2). Ben&z consistently had the highest fecundities, with
lowest values obtained in stand 5, the only stand having
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TABLE 3. Extended.

 nonlocal H,,t  consistent
dispersal11 disp=alI

D P D P
7 0 . 4 <O.OOl 9 . 5 5 0.023

3 . 4 9 0.077 0.0464 0.829

6 8 . 4 <0.001 2 7 . 7 0

3 1 . 0 CO.001 0.822 0.663

7 9 . 8 CO.001 3.2s 0.197

7 . 1 6 0.016 . . . . . .
4 0 . 7 <O.OOl 17.5 0.000157

4 1 . 6 0.002 2 . 1 9 0.334

11.7 , 0.003 3 . 4 7 0.0626

2 3 . 0 <O.OOl . . . . . .
6 9 . 6 <O.OOl 5 . 4 7 0.140

4 . 3 4 t 0.11 . . . . . .
2 2 . 3 <O.OOl 2.74 0.0981

4.72 0.053 0.190 0.663

substantial B.  uZZeghaniensis  (Table 1). Fecundities of
Acer and Liriodendron were consistently high. Acer
fecundity was high and especially uuiform  across
stauds l-4. Seed came from three species. Acer rubrum
accom~tcd  for most seeds in stands l-4. The few A.
rubrum trees in stand 5 were not reproductive. A. sue-
churum  is dominant at stand 5 (Table 1) and had sub-
stantially lower fecundity than A rubrum Acerpen-
sylvanicum likely contributed some seed in stands 4
and 5. Curyu  and Quenus showed consistently low
values across all stands, despite differences in species
composition for Qucrcus. Other taxa  with low fecun-
dity parameters were Fraxinus americana and Pinus
rigida.

Am&nchier,  Nyssa, Oqdendrum,  Tilia, and Tsuga
had variable fecundity estimates. The anomalously
high fecundity for Tsuga in stand 1 is explained by the
fact that much seed probably derived from trees outside
the sample plot. Stand 1 had only two smsll  Tsugu
trees. Variable fecundity estimates of Amelanchier,
Nyssa, and Oxydendrum are probably due to limited
dispcrsaL

Several taxa  had seed rain on stands where trees were

watersheds dominated by Pinus strobus. Likewise, Tsu-
ga seed was encountered in stand 5. Seed  of several
tree taxa was rare or absent, including Amelanchier
arborea,  Robinia pseudo-acacia (Pig. 2), and Sassqik.r
uZbi&rn (no seed encountered).

Local seed ruin

The summed seed shadow (SSS) model provided
consistently good fits for all but a few taxa  having
especially rare seed, few adults, or both. Likelihood
ratio tests led to the rejection of the null hypothesis of
uniformdispersalforallbutthreetaxa,twothatwem
rare in the data set (Ame&nchie~  P = 0.077, Robin&
P = 0.11) and one with the most broadly dispersed
seed  (Tsuga: P = 0.053). The 9 values from Table 3
give a rough guide to the proportion of variance ex-
plained by the mokl.  These were >0.35  and highly
siguikant  for slJ  but Amekmchier, Robinia, and ZZa
Thus, the model leaves much unexplained in the pattern
of lflirr seed rain, yet it provides a significantly better
expbuation of the pattern thau does uniform seed dis-
tribution.

Taxa for which good fits were obtained have well-
resolved parameter estimates. Standard errors around
dispersion parameters a are generally within 20% of
ML estimates for those taxa  having sign&ant  hkeli-
hood ratio tests (Table 3). Standard errors on fecundity
parameters g are also.within  this range for wind-dis-
persed taxa  having large diqersion parameters (a >
15 m). with the exception of ZZu and Tmga,  for which
model fits are less good. Poorly dispersed types (a C
10 m) are those dispersed by animals. These types have
low fecundities, large standard errors on fecundity pa-
rameters, and high degrees of clumping (6 < 1). Model
fits for several wind-dispersed types (Acer  in stands 3
and 4, Betula  in stand 2; Liriodendron in stands 2 and
3; and Tmgrr in stands 1 and 4) have correlations be-
tween a and fl that exceed 0.6. Tsugu is ill-fitted by
the model due to rare, well-dispersed seed that occurred
sporadically in scvcral stands lacking llcarby  trees. Al-
though well-described, by the model, overlapping seed
shadows for Acer,  Beta&z,  and Liriodendron mean that
parameters tended to compensate in some stands (pa-
rameter correlation in Table 3). Low taxonomic reso-
lution may weaken fits for Quercur.

Parameter estimates are generally consistent among
stands and for different methods. There is variability
among stands in p estimates for the same species, but
differences among species exceed variability withiu
species. An exception is Oxydendrum, which has large
differences  in @  betweeu stands 1 and 3; these differ-
ences also apply to plot-average estimates (Pig. 2). g
estimates fitted by the SSS model are in good agree-
ment with those obtained from stand average seed ram
(Fig. 2, lower right panel). SSS models tend to predict

absent. Some Pinus seed in the higher elevation stands
(i.e., other than stand 1) likely derived from nearby

higher p values than do stand averages for the wind-
dispersed types, with highest dispersal parameters (a
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Plot  increment  (m)

FIG. 3. Effect of increasing sample plot area on bias in parameter estimates. Smallest plot area (“0 m”)  includes in the
parameter estimation only those trees that occur within the central 20 X 40 m of each  stand. Plot-increment labels are
followed by gcome&c’mean  plot diameters  in parentheses. Progressively larger  plot areas (up to “total” with geometric
mean diameter of 60 m) show the effect of adding trees that occupy increasing dimensions around this inner  20 X 40 m
area. Box plots show median values (thick lines) for all  taxa  with low (a) and high (b)  dispersal estimates, ripper  and lower
quartiles (75% box edges) and decilea  (90% whiskers). Upper panels show the ratio of parameter estimates in reduced  plot
areas to the  ML tstimate  obtained for the total plot. The ratio of 1.0 (i.e.,  convergence) is indicated by a dashed line. Lower
panels, are correlations (Eq.  10) and correlation probabilities.

. ‘ .

> 15 m)  and lowest clumping (0 > l), fordcer,  Be&a,
Liriodendron,  and Tsuga (Fig. 2).

We failed to reject the null hypothesis of consistent
dispersal estimates among stands (i.e., uniform a) for
all but three taxa  with the highest dispersal estimates
and tendency for parameter correlation: Acer, Be&da,
and Uriodendron  (Table 3). In the case of Acer and
Urio4hdro~  anomalous estimates come from stands
with such high densities of trees that seed shadows of
individual trees cannot be readily discriminated, a
problem most acute for seed that tends to be well-
dispersed, but a&so evident for Quercur  in stand 3. An
anomalously high estimate for Ben&z  in stand 4 comes

from a single tree. Consistent estimates from  remaining
taxa and straightforward interpretations for anomalous
fits for these few well-dispersed taxa  indicate that dis-
persal is generally consistent from stand to stand.

By changing the area of mapped plots we found that
parameter estimates converged to stable values at plot
dimensions smaller than those used in this study (Fig.
3). Fecundity  parameters are consistently overestimat-
ed when sample plot areas are inadequate, because the
model assumes all seed is contributed by mapped trees.
Dispersal parameters are also overestimated for un-
dersized plots, because poor fits inevitably tend to con-
verge on broad (nonlocal) dispersat;  the model is un-
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a)Pafameter  confidenceintmals

225

b)Seedshadows

FIG.  4. (a) BC, 95% confidence intervals for fecundity parameter fi  and mean displacement of seed from the  parent tree
pI  derived from dispersal parameter a (Es.  4). The fitted model is Eq.  7, having q estimates of fi  and a species-specific a
estimate. (b)  Fitted seed shadows are for a JO cm diameter tree. Note that animal-dispersed taxa  (shaded symbols) have low
fecundity and dispersal estimates (a), which results in localized seed dispersal (3)  (see log-scale insert).

able to identify the pattern of seed rain based on trees eter  estimates that is achieved with increasing plot area
witbin  the map. Fortunately, biases in parameter esti- occurs as median correlations rise to >0.6  and median
mates associated with undersized plots are not hiddq P values fall to <O.OOl.  Overcoming parameter bias
they are flagged by poor model fits. The biased param- requires larger mapped plots for better dispersed seed
eter estimates of small plot areas are attended by low types (Pig. 3b). Parameter estiqates  for short to inter-
correlation between data and model and unacceptably mediate dispersed types converged to stable values
high  P values (Filg.  3a,  b). The stabilization of param- within 10 m of the of the interior 20 X 40 m plot (Pig.
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Fro. 5. % Maps of trees, seed rain, and fitted seed shadows in mapped stands. Trees  are indicated by $ scaled to indicate
relative sizes of trees. Seed traps that received no seed are indicated by +. Seed traps receiving at least one seed over the
sample interval are indicated by X within a box, the size  of which is proportionally scaled to seed density. Contour intervals
indicate seed rain (m-‘-yr-‘) predicted by the model for fitted parameters in Table 3. Taxa are arranged from poorly dispersed
(upper left) to well dispersed (lower right).

3a). Plots this size have geometric mean diameters of
50 m, well above the mesn seed displacement distances
of taxa  having ca < 25 m. Well-dispersed types (BetuZu,
Liriodendron,  Toga),  however, require at least 15 m
(Pig. 3b), and these types are still not well-fitted by
the model in all stands.

Seed rain modeling revealed large interspecific dif-
ferences in fecundities and dispersal distances (Fig. 4a)
and, thus, in seed-shadow shapes (Fig. 4b). The most

obvious differences are among taxa  having different
dispersal modes. High fecundity/well-dispersed taxa
(Betda,  Liriodendron,  and Tmga),  contrast with low
fecundity/~ly-dispexsed  taxa  (Amehmchier, Carya,
Comus,  Nyssa, Quercus,  and Robinia) that mostly rely
on animal vectors for dispersal. Wmd-dispersed taxa
with intermediate fecund&s (Acer, Fruxinus,  Pinus,
and Tiliu) also have intermediate dispersal distances.
The dehiscent capsules of Oxydendnrnr have restricted
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‘Ella  stand 6
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dispersal, likely because they lack specialized dispersal
struhres.

Comparisons of parameterixed SSS models with ob-
served seed rain (Fig. 5) demonstrate how nommiform
distributions of trees and restricted dispersal limit seed
arrival. Highly restricted dispersal for taxa  having
mean displacement distance ~~  < 10 m (e.g., Cornus,
Nyssa, Carya, and Quercus) leaves much of the ground
surface uncolonized by seed, despite abundant adult
trees. Thus, seed recovered from these typically ani-
mal-dispersed taxa  was largely restricted to below the
crown area. This restricted dispersal exaggerates dif-

ferences in seed rain among nearby traps. Although not
animaldisper~& Oxydendnun  capsules also remain
close to adult trees. Intermediate dispersal distances
were observed for Pinus, Fra*nus, Tilia,  and Acer
(Fig. 5). High seed production of Acer rubrum in stand
1 contributed to well-resolved patterns in seed rain.

Maps for Lirioa%n&on, Tmga,  and Beta&  illustrate
potential problems resolving individual seed shadows
for well-dispersed taxa  (Fig. 5). When seed is evenly
dispersed over broad areas, the likelihood surface (Eq.
2) flattens, and parameter resolution is diflicult.  Despite
these limitations, good fits were obtained for both  fir-
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iodendron and Betula  on plots where adults were not
too dense (Table 3). Maps show that the ground surface
becomes saturated with seed in these stands. Although
Tsuga has relatively high fecundity, our stands con-
tained only small individuals, and seed rain was low
and sporadic. We did not capture cones in our traps.

Additional sources’ of spatial variability in seed rain
that are weakly related or unrelated to distributions of
adults and dispersal distances cause clumping, de-
scribed by parameter 9. Chunping  is greatest for animal
dispersed taxa (8 C 1) (Table 3). Once the variability
in seed rain contributed by tree location and dispersal
distance is taken into account, the residual variation in
well-dispersed types is indistinguishable from a Pois-
son process (0 * 1). There remains, however, much
unexplained variation in animal-dispersed seed distri-
butions.

Sources of variability in colonization
The sources of variation that determine the proba-

biljty of leaving sites unoccupied included densities
and fecundities of trees (A and B iu Fig. 1).  anange-
ment of trees in stands (A in Fig. l), dispersal distances
(summr&ed  by a), and clumping (summa&ed  by 0),
i.e., the dispersion of seed about the mean seed shadow
(C in Fig. 1). In the absence of v&ability  conferred
by dispersal, differences among stands in colonization
indices C(s) (the odds of at least some seed arrival
given that the mean seed arrival ;P is everywhere the
same) would depend only on densities and fecund&es
of adults. C(s) thus serves as a baseline against which
we evaluate  colouixation limitation that results from
restricted dispersal. The dispersal limitation index @q.
14) contrasts the odds of seed arrival given the true
arrangement  of trees and estimated seed shadows E
(Eq. 13) against that predicted for uniform seed arrival
C(Z).  This ratio is near unity if seeds blanket much of
the ground surface (neither source limitation nor dis-
persal limitation) or if seeds are well-dispersed but ev-
erywhere rare (source limitation only).

The effect of dispersal on coionixation  iir our stands
is illustrated with two distributions. The contribution
of the mean seed shadow (the contours in Fig. 5) is
extra&e& in Fig. 6 to show how the spread about this
mean seed shadow controls E. The seed shadows for
Acer,  Comus, and Tsuga are each the means of (neg-
ative binomial) distributions J that decrease with dis-
tance (right-hand side of Fig. 6). In the absence of any
spread about the mean, the distribution of seed arrivals
across the stand would be g(@  (thick line on ieft-hand
side of Fig. 6). The spread about J in Fig. 6 contributes
variance to seed arrivals, described by a probability
distribution of seeds:

expectation J and clumping 6. Note that c = 1 - p(O).
Thus, in the case of Acer (Figs. 5,6a, all l-m2 patches
in stand 1 are predicted to receive, on average, >l
seed-m-2yr1  (distribution g(a), yet the additional
variability about mean seed shadows (Fig. 6a) meaus
substantial probability for seed densities lower than this
value (p(s)). Two other examples in Fig. 6 include con-
trasting dispersal  types  Comus (Fig. 6b) and Tsuga
(Fig. 64.  Poor dispersal for Comus means that most
l-m2 patches receive, on average, no seed, and high
clumping serves to further reduce colonixation (i.e., it
iucreases  p(O)). Tsuga is relatively rare in stand 4, yet
so well-dispersed, that all patches are expected to re-
ceive two to three seeds each year (so in Fig. SC).
Despite minimal clumping, however (0 > 1 in Table
3), the spread about the mean seed shadow is still
enough to yield measurable probability of no seed ar-
rival p(0).

Dispersal and source limitations (Fig. 7) are corre-
lated with dispersal distance and fecundity, and they
depend on spatial pattern of trees. The odds of l-m2
patches receiving at least some seed are high for fecund
and well-dispersed Acer,  Bet&,  Liriodendron,  and
Tsugu in all stands where trees are present, and, thus,
colonixation is as successful  as it would be with un-
limited dispersal (dispersal limitation near zero in Fig.
7). Tsugu is the only well-dispersed taxon having con-
sistently low colonization indices (Fig. 7). ‘due to few
adults. Colonixation  indices are high for some poorly
dispersed taxa  Quercus, Nyssa, and Oxydemirum in
stands whcrc parent trees were abundant  Restricted
dispersal especially limits poorly dispersed and less
abundant Antdunchier,  Catya, Comus, and Robinia
(Fig. 7). Restricted and clumped dispersal explain low
Carya  and Cornus  mdices, while source limitation
(rather than restricted dispersal) is the primary cause
for low colonization indices  in other taxa  in particular
stands; including *ssa, Quercus, Tilia,  and well-dis-
persed Tsuga

Rstublishment  relative to other limitations at the
stand scale

Over the five years of seedling censuses, total seed-
lings and, especially, newly emerged seedlings were
rare. lst-yr seedlings were sufficiently rare that we
were able to estimate establishment fractions  (lst-yr
seedlings divided by seed rain) for a limited subset of
species present in the overstory. Establishment frac-
tions were highest for Acer,  ranging from  0.019 (stand
4) to 0.87 in stand 2 (Fig. 8a). Seedlings in stand 5
were mostly Acer  pensylvanicwn  and they were abun-
dant in only one of the five sample years.

Limitatious  on Acer  rubrum recruitment vary across

p(s)  = l&w 8)g(8
the five stands. Seedling recruitment appears limited
by source density (basal area) on low elevation stands
1 and 2; seed rain is proportional to basal area (Fig,

where p(s 13, 6) is a negative binomial distribution de- 2),  implying that increased basal area would result in
scribing the conditional probability of s seeds given increased seed density. Establishment does not limit



2.29

D is t r ibut ions  of  s eed  rain densi t ies

a) Acer,  stand 1

1-E  w-=Jdno-f4

b)Comus,stand2

8eedsh~
(!iocmdafnatHtlw)and9opercentile9

100

liss0

meanswdehahw)

0 2 0
seed  deneity  (seeds-me2-  yf”) Distance (m)

FIG. 6. Distributions of seed arrival  rates  for selected taxa  mapped in  Fig. 5. The effect of the mean seed shadow and
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and clumping of seed (Es.  14) .  Contours  are  colonizat ion indices ??  (Eq.  13).  the fraction of patches expected to receive
some seed.
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recruitment in the cove hardwoods stand 2, where
X096 of seeds become 1st~yr  seedlings, but estabhsh-
ment is a strong limitation on all other stands, es-
pecially at higher elevations (stands 3,4,  and 5). Acer
saccharum has a source of seed only at stand 5. Lim-
itations in seed production and in establishment both
appear important here.

Beda  is limited in all stands by establishment suc-
cess (Fig. 8b). High fecundity and long dispersal blan-
ket all stands with seed. Even stand 1, which includes
only three small trees, has higher  Bezukz  seed rain than
of most other taxa. Fit-year seedlings are absent from

all stands but 4, and there establishment fractions are
less than one seedling in 1000 seeds.

LiriuMron limitation varies substantially among
stands. Source trees and establishment are important
limitations in xeric  (stand 1) and upper elevation
(stands 4 and 5) stands (Fig. 8~).  Both source density
and establishment fraction are high in the cove hard-
wood stand 2, indicating conditions amenable for fir-
iudendron  seedlings and adults. The low colonization
index in stand 1 results from lack of source trees, rather
than short dispersal.

Establishment and dispersal are &ncipal  limitations
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on Quercus recruitment. Adult trees are everywhere
ablmdau~ insuring moderate seed r&n across all stands.
Poor dispersal of that seed, however, means that much
of the stand area receives little or no seed. Establish-
ment fraction is highest in stand 4 (0.0054) and nearly
nonexistent elsewhere. The J-yr  average fraction used
here yields low fecundity estimates that belie high seed
production in most years (years one and five of this
analysis).

Despite lack of seedlings, colonization indices for
other taxa permit interpretation of how density of
source trees, dispersal, and clumping contribute to re-
cruitment limitation. Low colonization indices for
Amelanchier,  Carya, Cornus, Nyssa, Oxydendnun, and
Robinia suggest that even if suitable microsites were
available, these taxa  would fail to colonize due to lack
of seed.

Establidunent  limitation at the local scale
Analysis of &e relationship between seed rain +nd

seedling recruitment at the local scale was hindered by
the low density  of seedlings  found at our site. Only
Acer seedlings were sufficiently abundant to pexmit
‘comparisons between predicted seed rain and lst-yr
seedling density at the l-m2 scale. For this genus,  no
consistent relationship is apparent between seed rain
and seedlings, with cross correlations between seeds
and seedlings at lags Cl0 m being weak or absent in
all stands (Fig. 9). With the high fecundity and inter-
mediate dispersal of Acer,  few safe sites would likely
be left uncolonized (Fig. 7). If lst-yr seedling pattern
inerely reflects the distribution of safe ‘sites; little re-
lationship between seed rain aud 1st~yr  seedling density
would be expected.

Local regression (Cleveland and Devliu 1988) be
tween predicted seed rain and lst-yr seedlings  taken
across all stands suggests a weak positive association
between seeds and seedlings at low seed density (Fig.
10). This suggests that colouization  of safe sites is
proportional to seed density when the flux of seeds is
low, but that density-dependent seed predation or secd-
ling mortality niay limit lst-yr recruitment when seed
density is high and/or seeds and seedlings are close to
conspecific adults.

DIXUSSION

In contrast with the growing tendency to treat tree
population dynamics as though seeds are always avail-
able, we found that all tree populations in our study
area face substantial recruitment limitation. The
stage(s) at which limitation occurs varies considerably.
We found that limitations from source density, source
strength, dispersal, and establishment vary among spe-
cies, within species across environmental gradients,
and across different scales of measurement. Few of the
tree populations in our study area are capable of sat-
urating the forest floor with seed. Only a small fraction
of that seed germinates and survives to be censused in

100
10

0 0
0 10 20 30 40 50 60

Distance(m)
F IG.  9 . The relationship between Acer seed rain predicted

by the parameter&d model and seedlings across the four
stands (smooth curve) compared with seedlings in l-m2  con-
tiguous census plots (bars).

the first year. Distributions of seedlings in our study
site provided little indication of which stages were re-
sponsible for poor recruitment. Before considering the
magnitudes of these limitations, we tit discuss the
advantages and limitations of this method for identi-
fying stages that limit reproduction in tree populations.

How to jit seed shaa%ws in closed stands
Tracking dispersal of falling seeds as the basis for

interpreting how seed arrival controls recruitment in-
volves several obstacles. The statistical estimation of
fecundities and dispersal from trees having overlapping
crowns is complicated by high temporal and spatial
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variabiity contributed by factors other than dispersak
our results provide she guidance for handling statis-
tical challenges pertding  to sampling and analysis.
Lack of conventional models for parameter estimation
and hypothesis testing led us to introduce evaluation
procedures for bias in estimates, comparison with al-
ternative models, and parameter consistency that
should simplify recruitment analysis in future studies.

The data: how much  and where to sample?-
Equipped with little more than vague notions of seed
production and dispersal distances and with knowledge
that seed shadows must strongly overlap, the first prob-
lem we encountered concerned sampling, i.e., numbers
of seed traps and how to distribute them within and
among stands. intervals  of 5 m between traps distrib-
uted over areas of l(r  m2 worked reasonably well, giv-
ing good parameter estimates for both poor- and well-
dispersed taxa. Mapped plot areas of trees with mean
diameters twice as large as the mean seed-displacement
distances may be a rule-of-thumb minimal plot area
(Fig. 3). This limit is approached by our best dispersed
taxa; they are the only taxa  tending toward parameter
correlation and inconsistent dispersal estimates (Table
3). The inclusion  of multiple stands pmvcd  invaluable
for our model parametcrixation,  for it afforded different
densities and arrangements of trees. Multiple stands
were the basis for both of the hypothesis tests.

What sort of a spatial process is seed dispersal?-
Inability of a Poisson model to descibe  the clumped
pattern of seed arrival led us to implement (and, now,
recommend) a negative binomial (Eq. 2). A model in-
cluding the many sources of variation responsible for
clumping would require a far greater number of pa-
rameters than could be fitted with realistic data sets.
We simply acknowledged that many sources are prob-
ably operative, which led us to the negative binomial.
We obtained much lower error on fecundity and dis-
persal parameters using the negative binomial (Fig. 4)

(Table 3). For animal dispersed taxa clumping has a
large inlluence  on colonization rates.

How to sort out tk overlapping crowns?-The so-
lution to the overlapping crown problem, indepen-
dently derived by Ribbens et al. (1994). is to add them
together (Es. 6). By estimating contributions of indi-
vidual trees to any location on the forest floor, the meth-
od is, thus fax the sole broadly applicable approach for
analyzing the link between recruitment and the popu-
lation of adults responsiile for producing those re-
cruits. Dispersion patterns of seeds or seedlings around
isolated adults provide valuable insights (Sharpe  and
Fields 1982, Johnson 1988, Guevara and Laborde
1993). but dispersal distances in open fields differ from
those in closed canopies (win 1993). and the ap-
proach cannot be applied where seed shadows of con-
spec%c trees overlap. Nevertheless, the conceptual
simplicity of the model and small number of parameters
belie some statistical  challenges.

Model  evaluat ion:  d&&g  some conventions.-Be-
cause conventional methods provide little guide to
model evaluation, our approach was to stay close to
convention by way of analogy. The 15 between model
and data (Table 3) is a rough guide  to explained vari-
ation. Tests of hypotheses that local dispersal better
explains pattern than does evenly distributed seed, and

‘that dispersion parameters are consistent  among sites,
provide a basis for model evaluation. These tests con-
tributed to our conclusion that sample plots were near
the minimum size needed to parameter& seed shadows
of the best dispersed taxa. For example, Betuka  showed
excellent agreement between model and data (rS  =
0.68***),  was clearly identZed as local dispersal (2’
< O.OOl),  yet produced inconsistent dispersal param-
eter esthiates  across sites (P = 0). Together, these rc-
sults suggest the fit might be improved with larger
mapped plots for Betula  l’%a  was not well-described
by the model ($ = 0.11, NS),  yet the model was  clearly

than with alternative distributions. The model also per- a better description of seed rain than was the alternative
mitted comparison of clumping differences among taxa that seed ram is independent of trees (P < O.OOl),  and
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What  l imi t s  recru i tment?

Summed seed shadow models demonstrated sub-
stantial differences among species within different
stands in limitations due to source density (parent tree
abundsnce),  source strength (fecundity),  dispersal, and
establishment limitation.

Source density: number, sizes, and dispersion of
adults.-Absence of parent trees was a limitation on
seedarrivalforthemanytaxathatarerareinourstands
(Table 1). The importance of a nearby source obviously
depends on dispersal distance (Rigs. 4, 5). Because
ad&s were often clumped within stands, source dexisity
limited seed availability not only for poorly dispersed
taxa, but also for some taxa with well-developed struc-

0.1 1 10 tures for wind dispersal. Low adult density, clumping
Fall velocity (m/s) of adults, or both, meant that seed did not reach much

FlG. 11. bkan  displacement of wind-dispersed seed taxa of the ground surface  for Guya, Cornus.  Fraxinus,
and fall velocities measured in studies cited in text and (for Liri~dendron,  NYSSU,  Quemus, Pinus, lZia,  and Tsuga
Carya  sad Quercus)  from J. HilleRisLambtxs  (perso&  c&n- in some or all stands (Figs. 57);  only Acer and Beth
munication).  A Gaussian plume model predicts that modal
dispersal distance is roughly  proportional to the  inverse of

seed consistently blanketed the forest floor in suf8cient

fall velocity (Ok&o and Lcvin 1989). densitytoinsarehighcolonizationindices~g.7).The
parameterixed  model demonstrates that the abundance
and contagion of adults combined with local dispersal
is the cause of this limitation.dispersal estimates were consistent among stands (P =

0.0981). These results suggest the fit for ZUia would
be improved with a larger data set, e.g., more traps
and/or longer collection period. In mmsining  cases, the
agreement between indices (acceptable  explained vari-
ance, local dispersal, and consistent dispersal esti-
mates) indicate that the model provides a good de-
scription of seed shadows.

How good are the e&mutes?-Although  parameters
were well-resolved  by the model and generally con-
sistent across stands (a’s in Table 3) and scales (p’s in
Fig. 2). we find further support from evidence external
to our data sets. our dispersion  estimates generally
agree with measured fall velocities from other studies,
and they match the prediction of Gaussian plume mod-
els that modal distance  is roughly proportional to the
inverse of fall. velocity (Fig. 11). Rolling ssmsras of
Fraxinus have ~bighcr fall velocities than nonrolling
Acer (Green 1980). in agreement with the relationship
WC found between a values. Heavy T&a clusters at-
tached to large bracts  have higher fall velocities than
Acer  (Matlack 1987), consistent with estimated low a
values for ZXiu High dispersal for BeNa  agrees with
its low measured fall velocities. Our low-dispersal es-
timates for snimal-dispersal  taxa (Fig. 4) are consistent
with lack of specialized structums  for wind dispersal.
The high-dispersal estimates we obtained for Lirio-
dendron  contrast with relatively rapid descent for these
rolling samarss (Green 1980). Liriodendron  trees tend-
ed to be taller than other species of similar diameter
Dispersal  distance is expected to increase with release
height (Oknbo and Lwin 1989, Willson  1993). Because
models like ours consider only diameter, and not height,

Source strengthz rates of seed ~rodmtion.-&ders
of ‘magnitude differences among taxa in their fecund-
ities tended to compound limitations produced by lim-
ited dispersal. Correlation between fecundity and dis-
persal (Fig. 4) means that taxa producing few seeds
dispersed seed short distances. Little tendency for pos-
itive parameter correlations (Table 3) means that such
correlation is not by chance. And the agreement be-
tween fecundity estimates at two scales (Fig. 2) sug-
gests that the correlation is not spurious but results
from a tendency for seed number to trade off with seed
size (Smith  and Fretwell  1974, Sahsbury  1976, Geritx
1995). This is a likely explanation for the differences
between animal- and wind-dispersed taxa. Although
empirical evidence for this relationship within these
t&o dispersal modes is not strong (Greene and Johnson
1986, Primack 1987),  there is a clear tendency for the
wind-dispersed taxa  with low dispersal to also have
lower seed production in our study (Fig. 4). We did
not estimate seed viability, but low viabilities of many
taxa  would reduce fecundity estimates. These can be
less than 5% for Acer n&rum and Tsuga canadensis
in New Hampshire (Graber and Leak 1992) and ZIlfa
americana  in Wisconsin (Godman and Mattson 1976)
and range from 5-705  for Acerpensylvanicum,  A. sac-
charum, and Beth alleghaniensis  (Houle and Payette
1990, Graber and Leak 1992, Houle 1992b).  Animal-
disphsed seed can also have low germination rates
(Smith 1975).

Dispersal.-Dispersal limitation was taxon-specific
and explained by seed morphologies that increase drag
and (for spinuing s amaras) generate lift (Green 1980,

long dispersal for Lirioa!endron  might reflect allometry. Augspurger 1986, Matlack  1987) or that attract animal

233
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vectors (Howe aud Smallwood  1982, Willson  et al.
1990, Martinez-Ramos aud Soto-Castro 1993). Our re-
sults imply that recruitment of Cuiyu,  Comus,  Nyssu,
and Quercus is limited by dispersal throughout our
study area. High frequency of adult trees did not result
in seed arrival to much of the forest floor (Fig. 8d).
Animal vectors are the sole means for moving seed
outside the perimeters of tree crowns for some taxa.
Like Masaki et al. (1994),  we found the bulk of seed
directly below crowns and scattered arrivals elsewhere.

Estublishment.-Establishment  limitation is among
the strongest filters on recruitment for many taxa  on
different parts of the Coweeta watershed. Few taxa  had
lst-yr seedlings achieving densities as high as 5 seed-
lings/m2 (Fig. 8). The only one that did so consistently
(Am ncbnun)  (Fig. 8a) had seedlings poorly correlated
with seed shadows (Fig. 9b,c). Environmental gradients
appear to have governed establishment limitations at
several scales. Fine-scale variability within sample
plots appears responsible for altering seedling distri-
butions after seed arrival (Fig. 9). This difference be-
tween seed rain and seedling distributions is expected
if germination (for lst-yr seedlings) or seedling sur-
vival (for older seedlings) depends on suitable micro-
sites that are poorly correlated with the distribution of
parent trees (e.g., Nakashixuka 1989, Houle and Pay-
ette 1990, Houle 1992u, Shibata and N&a&x&a
1995). Even for late-successional Acer succhurum  and
Bet&  alleghaniensis,  our germination percentages
were far lower than viabilities estimated in New Hamp-
shire (Graber and Lealr 1992). Although we only con-
sidered here lst-yr seedlings, survival rates of these
seedlings were low for a combination of reasons now
under investigation.

Implications for forest communities

Our analysis supports the argument that conventional
assumptions concerning recruitment limitation (or lack
thereof) in forests are overly simplistic (Clark 1993,
Pacala and Hurtt 1993, Schupp 1993). Factors con-
trolling seed arrival, including distribution and abun-
dances of adults, fecundities, and dispersal distances,
all vary substantially among species. While previous
studies demonstrate large species-specific differences
for pr&arily auimal-dispersed taxa  in tropical forests,
we show this also to be the case in temperate forests
containing mostly wind-dispersed taxa  having overlap-
ping crowns. The relatively high densities of canopy
individuals in relatively low-diversity forests (com-
pared to the tropics) does not necessarily mean that
seed reaches much of the soil surface. Establishment
limitation vsried considerably among species, and the
relative importance of all limitations varied across en-
vironmental gradients. These differences mean that the
limitations imposed by the recruitment process are like-
ly to be an important factor affecting diversity in for-
ests, patterns of species composition within stands, aud
distributions of species across environmental gradients.
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